INTRODUCTION
The role of sarcoplasmic reticulum in the control of intracellular calcium concentration has assumed a central place in the theory of the mechanism of myocardial excitation-contraction coupling (1) (2) (3) (4) . According to this theory, sarcoplasmic reticulum releases Ca`+ in response to the excitation which initiates muscular contraction. Relaxation is thought to be caused by the rebinding of Ca' by the sarcoplasmic reticulum. The evidence for this concept has been derived mainly from in vitro studies on the microsomal fraction thought to represent the sarcoplasmic reticulum. In these studies, sarcoplasmic reticulum has been found to accumulate '4CaCl2 (2) (3) (4) (5) (6) and to release it in response to activation, although the precise mechanism and stimulus for release is not clear (1) . Moreover, it has been shown that frog skeletal muscle, which is fixed during relaxation, accumulates "5Ca++ in the area of the transverse tubular system (7) .
The in vitro "uptake" of calcium by the microsomal fraction has been measured in the presence of oxalate or phosphate which augments accumulation, possibly by precipitating the calcium inside the microsomal vesicles. This process was found to require adenosine triphosphate (ATP) and to be capable of accumulating quantities of calcium many times more than that necessary to lower the concentration below the threshold level for actomyosin superprecipitation (4, 6, 8) .
The applicability of this "uptake" system was open to question because of (a) the added oxalate or phosphate and (b) the slow time course of the accumulation. Katz has defined calcium "binding" as the accumulation of 'Ca' in the absence of oxalate or phosphate (8) . The time course of this binding is too rapid for measurement since it reaches near equilibrium with the media in less than 15 sec (8, 9) and is relatively constant after 5 min (9) . Although "binding" accumulates much less Ca' than "uptake," the amount "bound" has been calculated to be sufficient to lower the calcium ion concentration to levels below the threshold for activation of actomyosin in vitro (8) . Therefore, this is the system used for study in this communication.
Because both ouabain and calcium increase myocardial contractility of the cardiac muscle, the influence of ouabain on calcium metabolism has been studied in many systems. For example, Lullman and Holland (10), using isolated, perfused guinea pig myocardium found that digitalis increased the rate of turnover of labeled calcium without altering myocardial calcium concentration. Investigations of the influence of ouabain on the The Journal of Clinical Investigation Volume 48 1969 calcium "uptake" system, however, have yielded conflicting results (11) (12) (13) .
This communication presents studies on the effects of ouabain on the calcium binding system of a dog myocardial microsomal fraction thought to represent principally sarcoplasmic reticulum. The data show that ouabain and a nonsteroidal unsaturated lactone, 3-pentene-1,4-olide (alpha angelica lactone), with positive inotropic activity (14) (15) (16) , do increase the binding of Ca"+ by this fraction, increase its turnover at equilibrium, and augment the "calcium-stimulated ATPase."
METHODS
The microsomal fraction was isolated and purified from hearts of mongrel dogs immediately after pentobarbital anesthesia by the method of Katz and Repke (8) by use of a sucrose gradient of equal parts of 20 and 35%o sucrose for the final purification step. In addition, alpha tocopherol in a concentration of 0.2 mmole/liter was used in all isolation media. The purified preparation was stored at 40C and was used within 3 days. Protein concentration was measured by the biuret method. All experiments were done with cellulose vessels and polypropylene syringes to avoid calcium binding to glassware.
To measure calcium binding, 0. (20) , the stimulatory effect of ATP on calcium binding is decreased in a low potassium media. In a low potassium media (0.01 M KCl) there was less calcium bound to the microsomal fraction in the presence of ATP than in the basic media (0.12 M KCl). However, the stimulatory effect of ouabain on calcium binding was also seen in the low potassium media (cf. Table I ). In the absence of ATP, ouabain had no effect on calcium binding at either concentration of (Table III) . At a concentration of 10-3 mole-liter, calcium binding was increased in the presence of ATP (P < 0.01) but not affected in its absence (P > 0.5).
Calcium turnover. Calcium turnover (measured by the addition of nonradioactive calcium) is shown in Fig. 1 . Nonradioactive calcium was added at zero time to bring the calcium concentration to three times its former value. Calcium turnover was defined as the difference between 'Ca" binding before the addition of nonradioactive calcium and binding at each of the intervals afterward. Fig. 1 , therefore, represents the decrease in '5Ca++ binding after decreasing the specific activity by increasing the concentration of nonradioactive The incubation mixture was the same as in Table I except 5 mm ATP and 0.12 M KCI were used and ouabain added as shown. Incubation time and binding determination were as described in Table I . Each reaction mixture and binding determination were as described in Table I (Fig. 2) . Experiments in low potassium concentration demonstratedC similar results.
The effect of varying the ouabain concentration is shown in Fig. 3 Alpha angelica lactone (10' mole/liter) increased calcium turnover at equilibrium in a similar manner to ouabain (Fig. 4) . Because of limited solubility of the lactone higher concentrations could not be tested. A concentration of 10-' mole/liter produced no change in calcium turnover.
ATPase effects. The fact that ouabain exerted its effects on binding only in the presence of ATP suggested that at least part of the observed effects were related to ATP utilization. Both ouabain (10' mole/liter) and alpha angelica lactone (10' mole/liter) depressed the ATPase activity by 25% in the presence of Mg"+ (4 mmoles/liter) and K+ (0.12 mole/liter) only (Fig. 5) . (14) (15) (16) , increase calcium binding and turnover in the cardiac microsomal fraction. Furthermore, calcium binding was increased by these agents only in the presence of ATP, a finding which demonstrates an influence on an ATP-dependent mechanism for calcium binding. However, ouabain and alpha angelica lactone were found to increase the turnover of calcium at equilibrium in the absence of ATP as well as in its presence. Consonant with the augmented ATP-dependent calcium metabolism, ouabain and alpha angelica lactone also increased the calcium stimulated ATPase. This finding suggests a relationship of these parameters in intact microsomal fractions, although they are dissociable in damaged microsomes which may reduce Ca"+ uptake without a concomitant reduction in Ca"+-stimulated ATPase (21) .
Previous work on the effects of ouabain on calcium metabolism in cardiac microsomes has yielded conflicting results (11) (12) (13) . The difference in these results reflects, in part, differences in methods of isolation and of purification of the preparation (5, 6, 11, 13) . In addition, in most of the previous studies, the effects of ouabain have been measured in the presence of oxalate or excessive Pi (5, 6, 11-13) both of which, by continually precipitating accumulated calcium, maintain a constant calcium ion concentration within the vesicle. The effect of ouabain on a purified preparation in the absence of anion which causes calcium precipitation within the microsomes has not been previously reported. To our knowledge, the effect of alpha angelica lactone on cardiac microsomes has not been previously investigated. Krespi, Fozzard, and Sleator reported inhibition by ouabain of basic microsomal ATPase in the presence of K+ and Mg++ (22) .
Ouabain and alpha angelica lactone appear to affect at least two processes of Ca' accumulation by these mi- (24) point out a number of mechanisms by which this ATP-dependent Ca++ accumulation and exchange may occur. This study does not permit a choice among them.
The agents described exert effects both in the presence and absence of ATP. In the absence of ATP, they increase the turnover of Ca++ but do not change the total steady-state Ca++ binding. If nucleophilic residues account for the non-ATP-dependent binding, it might be postulated that ouabain and alpha angelica lactone may act on a membrane with a fixed number (the amount of nucleophilic residues) of available binding sites by altering the turnover on these sites.
The effect of ouabain and alpha angelica lactone on the ATP-dependent Ca++ accumulation is complex. Whether they increase the Ca++ available to a less accessible binding pool or merely increase the intravesicular unbound calcium concentration is speculative. Both effects may be operative and interdependent (24) . At any rate, the effect on any "binding sites" or "binding constants" probably represents a summation of several effects.
The increased exchange of the ATP-dependent Ca' pool demonstrates that ATP-dependent Ca++ transport is augmented continually and not just upon the initial preequilibrium exposure to Ca'+. Further evidence for this is the augmented Ca++-stimulated ATPase at 10, 20, and 30 min. Increased Ca++ accumulation in this system might well be visualized as an altered steady state with continued rapid exchange. Because of the rate of calcium exchange is so rapid, we have no measurement of its initial rate constants. The 30-sec samples taken represent an integrated value for total calcium exchanged during that interval. The augmentation of total calcium exchange is roughly equal to the augmentation of calcium binding and indicates to us only that the enlarged pool is also freely exchangeable. In absence of initial rate constants, we cannot ascertain whether exchange rate on an individual site is augmented, although the data in the absence of ATP suggests this possibility for at least the non-ATP-dependent site. Likewise, in absence of more knowledge of pool distributions and initial rate constants, the mechanism of augmentation of calcium flux cannot be well defined. These agents may act primarily on the transport enzyme or on the membrane itself.
That ouabain and alpha angelica lactone increase Ca' binding is consonant with the data of Ueba and Chidsey who found that mnicrosomal Ca"+ was increased in perfused rabbit hearts after addition of ouabain to the perfusate (25) . In addition, it would explain the findings of Lullman and Holland of an increased calcium turnover in perfused guinea pig myocardium in the presence of ouabain (10) . Indeed, Gouvier and Holland (26) suggested a "contraction-dependent" calcium pool which was increased by ouabain (26) . This pool might well be the increased calcium bound to sarcoplasmic reticulum which, upon electrical activation, would yield an increased calcium concentration in the myofilament during systole.
The presence of an unsaturated lactone on most active glycosides led to this investigation of the effect of alpha angelica lactone. This compound has been demonstrated to have positive inotropic activity in frog hearts (14) (15) (16) , and Giarman found it to be 1/600th as active as ouabain in its cardiotonic effect (14) . The finding in the work reported here that alpha angelica lactone has similar effects to those of ouabain on microsomal calcium metabolism further suggests that these effects may correlate with their positive inotropic activity.
